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Introduction
The development of functional nanostructured materials is currently one of the most active research fields. Since its discovery in 1991, carbon nanotubes (CNTs) with unique properties of high electrical conductivity, superior chemical and mechanical stability, and large surface area [1, 2] has been one of the most promising materials for applications in many scientific and technological fields such as actuation [3, 4] , catalytic membranes [5, 6] , polymer composites [7, 8] , electrochemical energy conversion and storage devices [9] [10] [11] [12] and biological systems [13, 14] . However, due to the strong van der Waals interactions between tubes, CNTs tend to precipitate into ropes or bundles in the solution resulting in a phase separation. In order to be used in the solution processes and take advantage of their unique properties, it is necessary to tailor the chemical nature of the nanotube's wall to solubilize and separate discrete CNT molecules from the tight bundles. For this purpose, several approaches have been developed for the surface modification of CNTs including chemical functionalization using strong acids treatment [15] [16] [17] , covalent attachment of functional groups to the walls of the nanotubes [18] [19] [20] , and wrapping nanotubes with surfactants or polymers [21] [22] [23] [24] [25] . Among them, the non-covalent polymer wrapping method has the advantage of being a mild procedure which avoids the usage of strong acids and has less destructive to the intrinsic properties of CNT [23] .
So far, CNT-based films can be fabricated by various techniques such as vacuum filtration [26] , drop-casting [27] , spin-coating [28] , airbrushing [29] , Langmuir-Blodgett (LB) deposition [30] and electrophoretic method [31] . However, most of these techniques lack the ability either to control the architecture or tailor the properties and functionality of the films.
4 functional molecular assemblies with well-defined architectures and with nanoscale-level control over the film thickness [33, 34] . The basis of this method is the stepwise electrostatic assembly of oppositely charged species. The pioneer work of preparation of CNT multilayer films using LbL was reported by Kotov in 2002. In this work, single-walled carbon nanotube (SWCNT) was treated with 65% HNO 3 to oxidize the surface carbon to obtain a negative charge. Free-standing SWCNT/polymer membranes with a tensile strength approaching that of hard ceramics were prepared by LbL assembly with positively charged polyelectrolyte [35] .
Since then, there have been increasing reports on preparing CNT multilayer films with various components and functionalities [9, 17, [36] [37] [38] [39] . For example, Lee et al. reported the preparation of multilayer films comprising multi-walled carbon nanotubes (MWCNT) and TiO 2 nanoparticles in a non-polar solvent and the incorporated MWCNT exhibited significant enhancement to the photocatalytic activity of TiO 2 [37] . MWCNT-poly(allylamine hydrochloride) (PAH) films were prepared by LbL assembly and used as reverse osmosis (RO) membranes for desalination. MWCNT was shown to be effective in enhancing the mechanical strength of the membrane and reducing the salt rejection [38] . A recent interesting work of Hammond's group demonstrated that all CNT films could be prepared by LbL assembly of two oppositely charged MWCNTs and the resulting films exhibited higher electronic conductivity in comparison with polymer/CNT composites [17] .
In the present study, we report the dispersing MWCNT using a negatively charged linear polyelectrolyte poly (sodium 4-styrene-sulfonate) (PSS water used in all experiments was prepared in a Milli-Q system and had a resistivity higher than 18.2 MΩ cm.
Preparation of MWCNT dispersion
5 mg as-received MWCNT were added into a 10 mL aqueous solution of 10 mg/mL PSS.
After sonication for 4 h or until a homogeneous black suspension was achieved, excess PSS was removed by two repeated centrifugation (20000 rpm, 40 min)/water wash/redispersion cycles. The final PSS-wrapped MWCNT (denoted as MWCNT throughout this work) water dispersion had a concentration of about 0.5 mg mL −1 .
Construction of Au NPs containing PE/MWCNT multilayer thin films
Multilayer thin films were deposited either on quarts slides or ITO electrodes which were cleaned by using the RCA protocol (placing in a 5:1:
for 30 min), followed by extensive rinsing with Milli-Q water. The cleaned substrates were first modified with a "precursor" film of PEI/PSS, which was formed by the alternate deposition of PEI and PSS from the corresponding PE solutions for 15 min, followed by rinsing in pure water (three times each for 1 min) and drying with a gentle stream of N 2 .
Alternative layers of PDDA and MWCNT were then deposited on the substrate using the same procedure until the desired number of layers was deposited. Au NPs could be adsorbed onto the film (with MWCNT as the outermost layer) by immersing the film coated substrate into the gold nanoparticles suspension for 1 h. The final film was denoted as (PDDA/MWCNTS) n /Au NPs (n = 1, 2, 3...).
Page 7 of 23
A c c e p t e d M a n u s c r i p t 
Electrochemical measurements
The electrochemical experiments were carried out in a conventional three-electrode electrochemical cell comprising a gold wire as the auxiliary electrode, a saturated calomel electrode (SCE) as reference electrode, against which all potentials are quoted, and thin films coated ITO glasses as working electrodes. The electrodes were connected to a potentiostat (eDAQ, Australia). All measurements were performed at room temperature.
Results and discussion

MWCNT/PDDA multilayer film assembly
Uniform and stable MWCNT water dispersion was prepared using a polyelectrolyte wrapping method. Fig. 1b shows the UV-vis absorption spectroscopy of the as prepared PSS modified MWCNT water dispersion. As pure PSS has absorption at 228 and 262 nm (Fig. 1a) , the peak centred at 262 nm in Fig. 1b is attributed to the absorption of PSS which gives evidence of the attachment of PSS on MWCNT. The driving force for PSS adsorbing onto pristine CNT is mainly due to the π-π stacking and van der Waals interactions between the surface of CNT and the aromatic ring of PSS [23] .
The adsorption of PSS brings the negative charge to MWCNT which enables the construction of multilayer films with positively charged polyelectrolyte PDDA via LbL selfassembly technique. UV-vis absorption spectroscopy is used to monitor the MWCNT/PDDA multilayer film growth on a quartz substrate. As shown in The surface morphology of PDDA/MWCNT hybrid films was then investigated by SEM. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 nanotube bundles and also there is no obvious aggregation occurring during film assembly.
Further comparing the morphology of films deposited with different layer of CNT, a much higher CNT coverage is observed for film with 6 layers of CNT deposition (Fig. 3b) . The SEM results further confirm that the no-covalent interaction between MWCNT and the oppositely charged polyelectrolyte could allow the formation of a CNT/polyelectrolyte hybrid film and the MWCNT surface coverage could be controlled by the deposition layer number.
Au NPs adsorption onto PDDA/MWCNT multilayer film
Au NPs could be assembled onto the PDDA/MWCNT multilayer film by simply exposing the film slide in Au NPs colloidal solution. The adsorption of Au NPs onto the film was confirmed by UV-vis spectroscopy. Before Au NPs adsorption, quartz slide coated with (PDDA/MWCNT) 2 film shows no absorption in the wavelength range between 400 and 800 nm (Fig. 4a) . In contrast, a clear absorption band centred at 580 nm appears after Au NPs adsorption (curve b) which is attributed to the plasmon absorption of gold nanoparticles. The relatively sharp plasmon peak indicates that the adsorbed Au nanoparticles do not undergo obvious aggregation to form larger clusters after adsorption. However, there is a 58 nm redshift in surface plasmon band compared with that of the colloidal Au NPs solution (522 nm), which can be explained as a result of reduced nanoparticle -nanoparticle distance (i.e., more dense packing) in the film and also due to the change of refractive index as a result of the surrounding PE matrix [53] . Further experiments were carried out on monitoring the adsorption of Au NPs on PDDA/MWCNT films with different layer number (n = 2, 4, 6).
The resulting absorption spectra reveal that the gold nanoparticle plasmon absorbance change due to the adsorption of Au NPs is about the same for these three films (compare curves c and A c c e p t e d M a n u s c r i p t   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 adsorbing amount of Au NPs which suggests that instead of being able to infiltrate into the multilayer film, Au NPs are more likely only adsorbing at the outmost layer of the film. 6 is a substance that undergoes reversible electrochemical reaction on various electrodes, which is widely used as an electrochemical probe to investigate the electrochemical behaviour of films with different composition [54, 55] . Compared with CV at bare ITO electrode (curve a), a higher current response and a slight smaller peak separation ( ∆E p , the potential difference between the oxidation peak potential and the reduction peak potential, which is inversely proportional to the electron transfer rate [56] ) is observed. The results indicate that the incorporation of MWCNT could significantly improve the electron transfer behaviour of a PE film due to its excellent electronic conductivity. By further depositing gold nanoparticles on the PE/MWCNT electrode, a higher current response and smaller peak separation ( ∆E p = 420 mV) could be achieved (curve d).
Electrochemical behaviour of the multilayer films
These results reveal that Au NPs have the similar role as MWCNT to improve the electron 6 and the electrode. The presence of gold nanoparticles could also increase the effective electrode surface area resulting in a higher current response.
Further investigation was made into the electrocatalytic activity of Au NPs/MWCNT thin film to nitric oxide. Free NO can be generated in an acid solution using sodium nitrite (NaNO 2 ) as a precursor [57, 58] . Successive addition of a stock nitrite solution into the bulk solution was made to generate a series of concentrations of NO. Fig. 7 shows the CVs of a PEI/PSS/(PDDA/MWCNT) 3 /Au
NPs coated electrode at different NaNO 2 concentrations. The anodic peak current (i pa )
increases linearly with increasing NaNO 2 concentration (Fig. 7, inset) indicates the applicability of using MWCNT/Au NPs composite electrode for the measurement of NO.
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In this work, we have shown that well dispersed MWCNT solution could be prepared via a simple PSS wrapping method and the resulting MWCNT could be used as building blocks to form multilayer films with oppositely charged polyelectrolyte PDDA via electrostatic LbL self-assembly technique on quartz slides and ITO glasses. UV-vis absorption spectra confirmed the stepwise regular growth of the multilayer film and SEM images indicated a random distribution of MWCNT in the film. Au NPs could be further adsorbed onto the PE/MWCNT film but without being able to infiltrate into the multilayer. Electrochemical experiments revealed that Au NPs and MWCNT could both greatly improve the conductivity and electron transfer of PE films. Additionally, the electrocatalytic properties of MWCNT could be exploited to the electrochemical detection of NO, while the sensitivity of the film could be further improved by the presence of gold nanoparticles.
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